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The r e p r e s e n t a t i o n , c o n s t r u c t i o n , and upda t ing o f the 3D
scene model der i ved by t h e 30 Mosaic scene understanding
system i s desc r i bed . The scene lnodel i s a sur face - based
d e s c r i p t i o n o f an urban scene, and i s inc rementa i l y ac-
quired f rom a sequence o f images obta ined f rom m u i x i p i e
v iewpo in t s . Each v i e w o f t h e scene undergoes a n a l y s i s
wh i ch r e s u i t s i n a 3D w i re - f rame d e s c r i p t i o n t h a t rep re -
sen ts p o r t i o n s o f edges and v e r t i c e s o f o u i i d i n g s . The
i n i t i a l modei, c o n s t r u c t e d f r o m t h e w i r e frames obta ined
f rom Ehe f i r s t v i e w , represents an i n i t i a l app rox ima t ion
o f t h e scene. As each success ive v i e w i s processed, t h e
model i s i nc rementa i l y updated ana gradua l l y becomes
more accu ra te and compiete. T a s k - s p e c i f i c Knowledge i s
used t o c o n s t r u c t and update the model f r o m t h e w i r e
t rames. A t any p o i n t a long i t s development, t h e model
represents t h e cur ren t understanding o f t h e scene and
may be used f o r t a s k s such as matching, d i s p l a y genera -
t i o n , p lanning pa ths through t h e scene, and making o t h e r
dec is ions dea l ing w i t h t h e scene environment. The model
i s represented a s a graph i n terms o f symbolic p r i m i t i v e s
such a s faces, edges, v e r t i c e s , and t h e i r topoiogy ana
geometry. T h i s pe rm i t s t h e r e p r e s e n t a t i o n o f p a r t i a l l y
complete, p lana r - faced obJec t s . Because incrementa l
m o d i f i c a t i o n s t o t h e model [nust be easy t o per form, t h e
moael con ta ins mechanisms t o (i)add p r i l n i t i v e s i n a
manner such t h a t c o n s t r a i n t s on geometry imposed by these
a d d i t i o n s a r e propagated throughout the model, and ( 2 )
modify and d e l e t e p r i m i t i v e s i f d iscrepancies a r i s e be-
tween newly der ived and cur ren t in fo rmat ion . The model
a l s o con ta ins mechanisms tha t per ln i t t h e genera t i on , ad-
d i t i o n , and d e i e t i o n o f hypotheses f o r p a r t s o f the scene
f o r which there i s i i t t l e data. We descr ibe an e x p e r i -
ment i n which t h e model i s generated and updated from two
v i e w s .
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1. Introduction
The 3D Mosaic scene understanding systcm IS a vision system that incremenlally generates a rhree-dimcnsional

description (or model) of a complcr sccne from multiple images. It is an entire iystcm in the sense that it starts with
images and ends with symbolic 3D descriptions. I t therefore encompasses several levels of the vision process and
contains several components. including stereo analysis. monocular analysis, and constructing and updaring the
scenc modcl. This paper concentraws on the componcnt that constructs and updates the model. For a description of
the stereo and monocular analysisconipone~~ts,see [9, 10, 11. 121.

This paper is organized as follows. FirsL the motivation for the approach of incrementally acquiring the scene
modcl is prescnted. togcther with an overview of the system. Then the representation. construction, andupdating o f
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thc sccnc modcl is dcscribcd. along with thc task-spccific knowledgc uscd here. Examplcs arc shown of how urban
scenes are reconstructed from complex aerial photographs.

2. Description of System

a sccnc: Thc significance of this goal may be demonstrated by the following tasks.
The goal o f the 3D Mosaic system is tn obtain an understanding o f the 3D configuration o f surfaces and objects in

1. Modcl -bascd imagc inlcrprctation. A known 3D sccne model can providc significant aid in interpreting
nrbi!rary imagcs of thc sccnc 13, 14, 181. 'l'hc 3L) Mosdic systcm pcrforms Ulc task o f acquiring such a
modcl o f h e sccne.

2.31) chmgc detection. Chnngc dctcction is ;I task U1;it dcrclmincs how thc gcomctl -y and structure o f a
sccnc changcs uvcr tlmc 1 hc conventional ;ipproach to Lhis [ask involvcs companng and dctccting
changcs in iinagcs. Nuwc\cr. bi'cdmc of diffcrcnt vicwpoints m d lightily conditions. changcs in the
imagcs do not ncccssarliy corrcspmd to chmgcs 111IIIC geomctr) and S~~UCLLII -Cof l i lc sccnc. If311 sccne
dcscriptions wcre obtaincd from d ~ cimagcs first. such descriptions could bc cotnparcd in 3D to
dctcnninc changcs in !he scene.

3. Simulating t l ~ cappcmncc or thc sccnc. I f a 31) dcscription of the sccnc wcrc tu bc obtained. displays as
sccn from arbitrary vicwpoints could bc gcncratcd From it. This is uscfu! for tasks sucl1 as fmiliarizing
pcrsonnci with a givcn area. and flight plannmg by gcncrating thc sccnc appcarancc along hypothetical
flight paths.

4. Kohot navigation. Three-dimensional descriptions of complex environments may bc used to make
dcclsions dcaling wilh path planning or dctcrmining whlch parts o f rhc environmcnt to analyze in more
detail.

Note that to perfonn thcse tasks, a vision system must do more than classify imagcs. scgment them, or identify
objects in thcm; it must bc able to gencratc a 3D description o f thc sccne.

Thc 31) Rlosaic systcm dcals wlth complex, rcal-world sccnes (e.g.. Fig. 1 and Fig. 2). That is. U1c sccnescontain
many objccts wi th a varmy of shapes, the object surfaces have a variety o f texturcs and rcflcctance characterisics,
and thc scenes are imaged under outdoor l~ghtingcondirions. Because of t h e complexity, there are many difficulties
m interpreting the images, including:

1. Any part~cularimage contains only partial infonnation about the scenc bccause many surfaces are
occluded.

2. Even portions o f the scene that are visible are oRen difficult to recover. For cxamplc, surfaces wi lh dark
shadows cast across them, or w i th highlights. may be difficult to interpret. Highly oblique surfaces may
be difficult to analyzc if thcir resolution in the image is poor. Such portions of the scene, thcrcforc, may
be recovered with errors and inconsistencies, or may not bc recovered at all.

Our approach to the problcms of complexity is to use multiple imagcs obtained from multiple viewpoints. This
approach aids intcrpretation in two ways. First, surfaces occludcd in onc image may become visible in another.
Second, features ofsurfaces that arc d~fficultto analyze and inrerprct in one unagc (such as scene edges and texture)
may become more apparent in another image bccausc o f different viewpoint and/or lighting conditions.

2.1. incremental Approach
A large number of views will, in general. be required to obtain a fully accurate and complete description o f a

complex Scene. Typically, all thcse vicws will not be simultaneously available. while some may never become
available. Many of them will only be obtained gradually hrough intcraction wi th the sccnc cnvironment. Our
systcm must therefore havc the ability to utilize partial dcscript~onsand incrcmcntally update them with new
infonnation whenever a new view happens to become available. As a practical example, consider a robot (perhaps a
mobile ground robot or an automatically guided alrplanc) which is attcmpting to navigate through an unknown

c
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F igu re 1
Gray Scale Stereo Images o f a Region o f Washington, D.C

envlronmcnt. l h c robot would scqucntially acqulrc images of thc environment as it movcs about. Information
derivcd from cach ncw image would servc to updatc its intcrnal modcl. and this partial model would he used to
decide whcrc to go ncxl. or whcrc to analyzc in more detail.

Wc havc adoptcd an approach in which thc 31) sccnc modcl is mcrcmcntally acquircd over thc multiple views.
'l'hc vicws of dlc sccnc arc scqucntially acquircd and proccsscd. Partial 31) information is dcrivcd Tram cach vicw.
'I%c inilidl modcl is constructed from 31) inform;itlon obtaincd l"rom the first vicw. and rcprcscnts an initial
approximdion o f the sccnc. As cach succcqsivc vicw is proccrsed. U x modcl is incrcmcnJally updarcd and gradually
bccomcs Inore accurate and complete.

In our approach. the sccnc model plays t h e role of a central rcprcscntation with two primary functions. First, it
incrcmcntally accumulates Information about the sccnc. Sccond. at any point along its dcvclopmcnt. it represents
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F igure 2
A e r i a l Photograph Showing P a r t o f Washington, D.C.

This i s a D i f f e r e n t View o f t h e Same Scene as i n F i g u r e 1.

thc c tmcn r undcrslandlng trf t l lc sccnc. As such. It m a y bc uscd for usk? s u c h as matching. display generation.
plmnlng paths throu~llthc sccnc. and making othcr dccisions :hour t h e scene environment. Two such tasks are
Important for tlw IncIcIncntaI ;~cquisition proccss itsclf: (I)3D infonnation dcrived from a ncw view must be
marclicd lo thc Inodcl so that updating can occur, (2) highcr -lcvcl componcnis should bc able to usc the model to
dckmiinc which parrs o f the sccnc to analyze in more detail, and from which vicwpmnts tn take thc ncxt images.

M o s t prc\+~us rcscarch cfforrs at acquiring 3L) scene dcscriptions from multiple bicws h a w dealt with relatively
simple scclxs 111 co~~rrollcdcnvironmcnis [2. 4. 5. 13. 16, 191. This h a s led, in some cascs, to only utilizing occluding
COI~I OLI~Sin thc imagc to form d ~ c3D dcscrlprion 12.4.5, 131. .The work o f Moravx [15] dcals with complex indoor
and (~l~tdoorsccncs. but the 311 dcscrpiions gcncrxcd by his systcm consist of sparsc set.$ of fcaturc points. Our
sysrcm. on 1I1c uthcr hand. gcncratcb full. surface -based dcscriptions.

2.2. Overv iew o f System
A flowchart for U1c 31) Mosaic sysrcm. showing Ihc major modules and dad slructures. is dlsplayed In Fig. 3.

'l'hc Input IS a ncw \ICW of thc sccnc, which may be cither a stcrco imagc pair or a singlc image. T h e stereo pair
undcrgocs stcrco and!sis. while t h e singlc unagc undcrgocs nionocular analyris. ' lhc pu~posco f these analyses is to
obtain 3D sccnc fcaturcs such as portions of surfaces. edges. and corncrs. Thc stcrco analysis component currently
matchcs Junctions cxrractcd from tile two images, and gencratcs a sparse 3D wirc-framc dcscription of the scene.
The monocular analysis componcnt currently extracts linear structures from t h e image and converts thcse to 3D
wire frames using task-spccific assumptions.

T h e ccntral sccnc model is a surface -based dcscription which is constructcd and modified from these features. I t is
reprcsentcd as a graph in rerms of primitivcs such as faccs. edges. verticcs. and their topology and gcomeuy. I t also
has mechanisms tn add and dcletc hypotheses for parb of the scene for which there are partial dah. Before
modificahlls to thc scene modcl can occur. thc 3D fcatures from thc new view must be matched to the current
modcl. l'hc scene model may. a t any point along i ts development. bc used for tasks such as image interpretation,
plannrng. or display gcncratlon. A ncw yicw may thcn be acquired which m a y ftirthei modify thc model.

For examplc. when rhc stereo analysis component IS applied to the imagcs in Fig. 1. the result is the set of wire
frames in Fig. 12. 'The scene modcl constructcd from these wire framcs is shown in Fig. 19. When the monocular
analysis componcnt IS applied to rhc imagc in Fig. 2. the result is the set o f wtrc framcs in Fig. 20. These, in turn, are
convencd into the sccnc model in Flg. 21. Finally, the result of modifying the modcl in Fig. 19 with a ncw view is
shown in Fig. 26.
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'I'IIc foil~~wingfxtort h a r c dctcnnincd how thc sccnc mudcl is rcprcscntcd and manipulated.

1. l'xt~aliy complctc. pl;lnar -faccd c~b,icctsm u s t bc cfficicntly dcscribcd by t h e modcl. It is thercfore
rcprcscntcd as ,I gr;lph 111tcnns o f symbolic p r~mi t i \ css t~c l las fxcs. cdgcs, vcrttccs, and their topology
and gcomctry. Infurma~iunis addcd and dclctcd by ~ncansof t i m e primitives.

2. l'lic modcl ~ U S Ibc casy to use inmatcl~ing.

3. Dccausc SCCIIC i~ppron~~~latiunsarc oftcr ntorc uscful if h e y comain rcasonnble hypodlcscs for parts of
tllc sccnc ~OI-H,IlIcIi thcrc 11-c partial data. wc introduce mcchanisms that p c ~ m ~ thypotheses to be
gcncrarcd. addcd. and deletcd.

4. Dccausc incmncntrll modiftcaiions to thc modcl must be easy to pcrform, wc introduce mechanisms to
(a) ;Idd prllnitivcs t(1 the modcl in a manncr .;uch that constraint( on gcomctry imposed by thcse
;idditton\ :Ire prop;~g,~lcdtl~roughoutthe modcl. and (b) modify and delctc primitivcs if discrcpancics
m s c hctuccn ncwl) dcrl\cd and current infolmation.

3.1. Representation of Model
'l'ilc 31) F~I'IICLU~Cill thc sccnc is rcprcscnlcd in thc form of a graph. callcd t h e s/nrc/ure g'nph. Thc nodcs and

iinks rcprcscnt p r ~ ~ n ~ r i v ctc~polug~caland gcometric constraint<. 'I'hc structure graph is incrcmentally constructed
rhrough (lie addition u d dclction o f thcsc consrra~nts. A s constra~nt~arc accumulatcd, thclr cffects are propagated
to other p m s of 1I1c grJpl1 su as to obtam globally consistent Intcrpretarions.

I % c currcnt stnlcLurc -pr;qk rcprcscntauon modcls surfaccs in t h e sccne as polyhcdra. The components of a
poiyhcdral surfacc arc tllc f xc . cdgc, and wrtcx. W e distmguish the topology o f the polyhcdral componcnts from
Ilicir gcumctry [l,SI. ' l h c gmmcuy invulvcs the physical dtmensions and locatloll in 3-space of each component,
whiic thc ropology ~nvolvcsC O ~~ C C ~I OI I Sbetween thc components.

3.2. Primit ive Constraints
In thc stn~cturcgraph. nodcs rcprcscnt cithcr primitivc topological or p r~m~t i \ egeometric clcmcnts. We define

five types of prlmirivc topolog~c.~lclcmcnrs: faces. cdgcs, vcrticcs. objccts. and cdgc-groups. T h e first three are
co~nponcntsof thc polyhcdral surfm. l h c last two arc inlroduccd in order to convenicntly represent connccted
gruups of clc~ncn~s.l 'hc ob~ccris mtcndcd to rcprcsent a connccted sct of faces that enclose a volume in 3-space.
' l 'hc cdgc -group is ~ntcndcdto rcprcsctit a conncctcd ring of cdgcs that cnclosc an area in 2-space on a face.
I~CC~LISCof thc p m ~ a lnaturc of thc structurc graph. howcvcr, an objccr may rcprcscnt any set o f faccs. edge-groups,
cdgcs. and vcrtlccs hi arc pc~tcntially part of a singlc. closcd. conncctcd unit. Similarly, an cdgc-group may
rcprcscnt any sct of cdgcs m d vcrticcs h a t arc potcnr~allypart of a sing12 cdgc ring on a face.

Fxc. edgc. and vcrtcx nodcs arc taggcd as cithcr ror~jinr~cdor ut1collfjnned. Confirmcd means that t h e element
rcprcscntcd by thc nodc has bccn dcnvcd dircctly from unagcs. Unconfirmcd means that thc clement has only
bccn hypofhcsized.

W c dclinc thrcc lvpcs of pr~~nitivcgcomctric clcments: plancc. lints. and points. Thcsc scrvc to constrain the
;-\l~.tcc Ioc.~t~onsof KICCS. cdgcs. m d \'crt~ccs.P lmc and linc nodcs con t i n plmc and linc cquations. rcspcctivcly.
1'01t1t wdcs COIILI~IIcoordinnw ~alucs.

.\l~hougha11 c d y is idcally dciimircd by t w 1 \crticcs. cdgcs dcrivcd from images arc oftcn ~ncomplctcand may
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4. Modifications to the 3D Scene Model
~iodi f icdt ionsto h e stnrcturc g r q h arc made by addlng or deleting nodcs and links. or changing the cquations o f

I m c .Ind plmc nodes. or the coordinntcs of polnt nodcs. A l l cffccrs of ~nod~f jca t~onsare propagated to othcr parts of
tllc graph.

4.1. Propagation Due i o Geometric Modifications
Conwlcr adding or dclctlng 3 gcomcrrlc constraint link bcrwccn a gcomcrr~cand topological nodc. Any of the

h t c c gconlclric nodcs (potnls. Iincs, 2nd plnncs) m y constrain an) of the thrcc lopdugic~~lnodcs (vcrrices, edgcs,
.III~I k h ) . Ol>]cct and cdgc -g~oupntldcs lndv not be gcomciric;llly consrraincd dircctly. Fig. 5 shows how a
( u m s t r m t on onc nodc m a y propagatc tti othcrs. l'hc arrows in the tigurc indic,lrc thc direction of propagation.
'I IIC ~ 1 1 1of an arrow indlcatcs thc source constraint; thc hcad indicarcs i h c constraint implicd by the source
constraint.

Wc see in Pig. 5 chat point constramts propagatc upward. That is. if a point constrains a vcrtcx, it must also
constratn all cdgcs and faccs which contain that vertex. Similarly. a point that constrains an cdge must also
cmstr:nn al l faccs containing that edge. Notc that wllcn a point constrains an cdgc. wc assurnc that no constraint is
ttnplicd for a)-bitrary vcrticcs that arc part of tllat cdgc. sincc rhc polnt nccd not l ic on any of these lcrtices. In one
scnsc, thc point may bc considered to constra~nsuch vcrticcs sincc they must lie on a line going through the point.
'l'llis c w s t r ; ~ ~ ~ t t .howc\,cr. is n o t u\cful until aIIohcr constraint (111 tllc linc is dcrivcd, such 2s anuthcr point t h a t lics
on UIC cdgc. In thts c : ~ .mlr system gcncratcs thc cqu,lti(ni of dic h c that coI1str:iins thc cdgc md pn~pagatcsthc
IIIK c o m m i n t d w n 10 thc vc r t~ ' x ;I\ cxpI;IIncd In the ncxI par;qy:iph. A murc dlrcct and useful constrdlnt is thus
lmnuwd on thc \CII CY. Snuilarlq, w h c n :I point constrdir~sa fdcc. no uscf11I constraint is implied fur arbitrary edges
111 vcrticcs h i t xc I1.w of thc facc.

h s n1dlc:lted in Fig. 5. linc constraints propagate outward. A lint that constrains an edge must also constrain all

!< ~I;IIICh t cunstrms a facc must also constrain ail c d y s and verrices rhat arc pari o f t h e facc. Similarly, a plane
tll.1[ constr,lins an cdgc rnw also constrain al l vcrtices that are pan o f the edge. Whenever a gcornctric consrraint
IIIT~.IS ddcd. propagation CI'ICIITS as mdicatcd in Fig. 5.

p'ILL),. ~ .cont;lmlng tllc edge and all vcrticcs h a t arc part o f thc cdgc. Finally, plane cons~raintspropagarc downward.
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F igu re 5
Rec tangu la r Boxes I n d i c a t e Geometr ic Constra in ts on Topolog ica l Nodes

Arrows I n d i c a t e D i r e c t i o n o f P ropaga t i on o f Cons t ra in t s .

Whcn ;Iecornctric conxrainr link is dclctcd. the rest o f the stnlcturc graph must bc made conslstcnt with th is
changc. Our ;~ppro;~ch10 this problem i$based on tllc TMS system [(I]. using the nutior that whcn an asscrtion is
dclctcd. all ;~sscr t ion~mpl!ing it and all asscr11011s implicd by i t tha t hn\c no othcr ruppon should also be deleted.
'Io scc t h ~ s ,conyidcr F1g. 6. I.et {x,, x7. , , ..I } h c 3 sct of asscrtions. c x h o f which indcpcndcntly implies t h e
asscroon y. .t'tlc mx t inn 0 , A v, A~ 13, A . ?.), in turn. imp11cs cach aswt ion In the set {z,, zr ..., zn}.
I-'urihcnnore, fnr each i.1, 1) indcpcndcntiy unplied by each mcr t ion in the set { 11 1. Now S L I ~ ~ O S Cthe assenion y
IF delcrcd. I.c.. it IS dcclxcd false. Then

1. Smce cach asscrt~on2, dcpcnds on tl ic truth of): i
f

is dclcted unlcss it has other support w..

2. All assertions .I,arc mddc falsc. None o f them can be true. for if onc wcrc, y must be true. Since ximay
consist of a cnnju~ict~onof assertions. a t lcast onc o f them is dclctcd to make xi false.

Wc obta~nasscrtlonr that Imp14 a givcn a s s c r t w by rollow~ngbackwards along thc arrows in Fig. 5, and we obtain
ascrtions unpl~cdby a given asscrtion by following forward along thc arrows.

Considcr tllc srrnplc caample In Fig. 7a. nfhich dcpicts dlrcc topological nodes (vcrrcx 18, cdge e, face j)
constrained by one gcomcuic node (point p). Supposc IIOH that link 4 IS dclctcd (Fig. 7b), that is. thc assertion "p
constrins e" is dclctcd. A l l assertions which h iwe imphcd [Ills most now bc dclctcd. fur if onc wcrc to hold. link 4
would also hold. T t r find thcsc assertions. HC loculc thc  bo^ 111F1g. 5 t l u t lcprcscnts 3 point constraining an cdgc
;md fdlow hackwards along Lhc arrow. Thc rcsult is dlc box that r c p r c w m the pom1 constraining any wrlcx of the
cdgc. In 1-ig. 7h. this corresponds tu tllc asscrtlon "/I cn!Nr,um K and I'IS lprlrt of r". '1111sasscrtion ~ m s ttllcreforc
bc m.dc falsc. To do so. we m y delctc cithcr link 1. link 3. or both from Fiz. 7b. Our ~nttiiriontclls LIS h a t panof
hnks (link 1) should domirldte constraint links (link 3). dnd dws lmk 3 is dcletcd. '1h~ssecnls to work well for our
cxamoles.
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F i g u r e 6
The Asser t i on y i s Independently Imp l ied by Each x .

Each A s s e r t i o n zi i s Independently Imp l ied by (yAvi A v2A...Iand hij

Wc now m u s t dctcnninc the asscrtions implied by die onc initially dclctcd All thcse assertions must also be
dclcrcd unlc$s rlicy havc othcr support. To do so. we follow forward along thc arrow from the box in Fig. 5 that
rcprcscnts ;I point constraining an cdgc. and the rcsult is thc box t h a t reprcscnts Uic point constraining all Wccs
ccmalning dlc cdgc. In Fig. 7b. this corrcsponds to the assertion “p consrrainsr, which is link 5. This link should
thcrcl‘wc bc dclctcd since it has no othcr support. One possible sourcc of otiicr support is extcrnal to h e structure
gr.qh I .mk 5 may have bccn dcri\cd. for cxamplc. dircctly from imagc dam. r xhe i than through svucture graph
prcip.lg.ltion. Wc rulc out UIC possibillky that links 4 and 5 arc unrclatcd, and thus dclete link 5. T h e resulting
xnlcturc gr:lph is deplctcd in Fig. 7c.

4.2. Propagatlon Due to Topological Modifications

ot11cr parti of dic smcturc graph. In ihc following, wc will consider both gcomctric and topological cffects.
Whcn .I topological part-of link bcrwccn two topological nodcs is addcd or dclctcd. the cffccts are propagated to

4.2.1. Geometric Effects
Whcn ;I kipdogical parr-of link is addcd bctwecn two topological nodcs. thc geometric constraints on each node

m 1 \ t Ibc pnqx~gc~tcdto thc orhcr node in accordancc with U1c chart in Fig. 5. Thcrc are three main cases to
considcr: (I):Idding a part-of link bctwccn a vcrtex and cdgc nodc. (2) bctwccn an cdgc and face node, and (3)
bctwccn a w r m and face node. ’hcsc threc cases are explicitly covcrcd inFig. 5. I h e remaining cases fall into two
ch~sscs: (n) ;addingIparr-of 11nk bctwcen some topological node and an object nodc. and (b) bctwccn some
~opologicalnodc and an cdgc-group node. Since object nodes cannot be geometrically constrained directly, actions
In class (a) h a c no gcomcuic cffccts. Sine geometric constraints can bc propagatcd through edge-group nodcs,
actions in class (b) do havc gcomctric effccts. These effects. however. car: be reduccd to the three cases above, as
cxpldincd In the next paragraph.

Consider thc cxamplc o f adding a part-of link between an edge node E and a face node F. From Fig. 5, we sec
t h a t all point and h e constrants on E must be propagated to F, while all planc constraints on F must be
propagated to E. Plane constraints propagated to E arc, in turn, propagatcd to verticcs of E. As another example,
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12 is p.xt o f e (link 1)
e is pdrt off(link 2)
pconstrams Y (link 3)
pconstrains e(link 4)
p constrainsf(1ink 5)

F i g u r e 7
( a ) I n i t i a l S t r u c t u r e Graph
( b ) L ink 4 i s Deleted
( c ) Resu l t i ng S t r u c t u r e Graph A f t e r E f f e c t s

o f De le t ion Have Been Propagated

Whcn a part -of link between two topological nodcs is dclcted. an attempt is madc lo nullify any gcomctric
p1opag;ltion that occurred through the link. This is dunc by dclcling, from thc two nodcs conncclcd by ;he link, all
gcomctric constraints that have propagatcd tlmogh the link. ' I h c cffccts of dclcting U m c gcomctrlc constraint
links arc, in turn, propagatcd to thc rcst of thc graph in thc manncr dcscribcd in thc prcvious scction.

As an cxample. consider dclctmg a part -of link betwccn an cdgc nodc E and a facc node F. As sccn in Fig. 5, ali
puint and linc constrain& on F that also constrain E wcrc cithcl - (1) propgatcd up from E. (2) prop;lpdtcd up from
anothcr cdae or vertex of F. or (3) dcrived from an cxtcrnal sourcc. We rule our the oossibilitv ihot Ulr same

constraints on F.and F arc unrclatcd. thus !ruling out thc cxtcrnal sourcc. Tlicrcliw. points and lincs t h a t constrain
both F and I<.but do not also wmtrdin anothcr cdgc or Yc'rtcx of I-',arc dclc~cdh!n F shcc wc just cut olT thc only
p ~ t hLhrou$h which thcy could h;nc pr(~pagrlrcdIO I.. I'hc cffccts of dclcring thc point and lmc conwain& from 1;
x . in turn. propagatcd to Ulc rcst (IF Ulc graph. Similarly. dl plmc COIISI~~IINSon E th.11 also constrm F arc
dclctcd from E d c s s thcp also constrain anothcr face that conldins li (which wuuld !x unusual). 'I'hc crfccts of
dclcting planc constraints from E arc thcln propagatcd.

An cxmp lc of n link with morc than onc sourcc of support is shown in Fig. 82. Supposc thc part -of l ink hctwccn
c l and f; link 4, is dclctcd (Fig. 8b). Accordmg to thc ch3rt ill Fig. 5. link 8 ir a cand1d.m for dclclion since fhc
point nodc p constrains both e l andl: Howcvcr, since p also constrains thc cdgc e2, which is part of/; link 8 is still
valid.
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F igure 8
Example o f a L i n k with More than One Source o f Support

( a ) I n i t i a l Structure Graph
(b) Link 4 i s deleted, b u t Link 8 Remains Because

o f Support f r o m Links 3 and 7

4.2.2. Topological Effects
A topological modification sornctimcs implics topological changes elsewhere in thc str~cturcgraph. This is best

~llustratcdthrough an cxample. Fig. 9a shows the graph rcprescnting the situation inFig. ?b. Thc edge e has two
vcrticcs. I,/ and K?,and I;/ is known to be part of the faccJ Now supposc a part-of link is addcd bctwccn v2 sndf
(Imk 4 inFig. 9c). Sincc both vertices o f P are now pan off; e must also be pan ofj; as shown in Fig. 9d. ‘Therefore
link 5 in Fig. 9c is addcd.

Another kind o f topolog~caleffcct results from the desire to climinate redcndan: part -of links. Part-oflinks serve
as pahs in the stn~cturcgraph along which cffects o f gcomctric changcs arc propagated. In ordcr to simplify this
prtrcss. the numbcr of paths bctwccn cach pair o f topological nodcs IS nlinitnizcd using thc following rule: Two
topological nodcs may not be directly connected (i.e., by means of a part -oflink) if they are also conncctcd through
onc or n m c intcnncdiate topological nodcs. For example, suppose a part-of link is added between the edge node e
;~ndtllc h c c nodcfin Fig. loa. To asoid rcdundancy. all links connecting vcrtcx nodcs o f rand the nodc/flink IIt,
Fig. 102) and vcrtcx nodcs of e and objcct nudcs cont:~ining j ( l i n k 2) arc dclctcd. In addition, if thcre wcrc any
IinLs bctwccn rand objcct nodcs containing/: thcy would also bc dclctcd. ‘l’hc final configuration is  show^^ in J?ig
lob. 111LIIC csmplc of Fig. 9, thc graph in (c) has rcdundant links. Links 1 and 4 arc thcrcforc dclctcd, rcsulting in
t l ~ cgraph of Fig. 9e.

Altlmugh adding 3 part -of link can result in topological changcs clscwhcx in the graph, dclcting a pan-of link
docs not changc thc topology anywhcrc clse. No attempt is madc to rwovcr prcvious states of topolo~ical
conncc:io~~s.Fig. ! Ib shows thc rcsult of dclcting link 1 from thc graph in Fig. lla.This technique sccms to work
wcll in our cxpcrimcnts.

5. Constructing and Updating the 3D Scene Model
Fich vicw of thc sccne (which may be cithcr a single imagc or a stereo pair) undcrgoes analysis which results in a

.<I)wirc - f r~ncdcscripr~onrep~cscnting31) vcrticcs and cdgcs corresponding to portions o f boundancs ofobjects in
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Figure 9
Topo log ica l Propagation

( a ) and (b) I n i t i a l S i t u a t i o n
( c ) and ( d ) Link 4 i s Added, Resu l t ing i n Add i t ion o f L i n k 5
( e ) Redundant Links a r e E l im ina ted
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F igure 10
( a ) I n i t i a l Conf igurat ion
( b ) When a L ink i; Added f r o m e t o f, L inks 1

and 2 a r e Deleted t o El iminate Redundancy

the w x c . .I'llc goal 01 thc updatmg proccrs IS to mcrgc the w!rc-tramc description w i th the currcnt modcl. In
gcl1cr.d. this prnccss will rcsdt in ;I p:irrial 31) modcl which may consist of surFnccs at some placcs but only poruons
e l boundaries i t [ other placcs. 'I'his partial 31) model must thcn bc convcrtcd into a full surfacc -bascd dcscription by
hypo~lwsi/ing new vcrticcs. cdgcs. and faces. Our currcnt tcchniqucs for making such Ilypothcscs cxploit task-
spcoiiic knwlcdgc that falls into twu cntcgorics: (1) knowlcdge of planar -faccd objects, and (2) knowlcdgc o f urban
sccnc\. 'l'licw cm.-gorics will b c cxplorcd in dctail in the next two sections.

Ildl the u trc fiamcs and sccnc niodcls arc rcprcscntcd by structure graphs. l ' l ic wil -c-framc descrtption cxtractcd
from thc 6rst vicw fonns rhe initial m t c o f the sccnc modcl. and all of its cdgcs. twrticcs. and points arc tagged as
confilmcd. This wirc -franc modcl is dlcn comcrtcd into a full surfacc -bascd model using task-spccific knowledge.
All clcmcnts ofthc modcl that wcrc not present in ttlc initial state arc hypothcsizcd m d hggcd as unconfirmed.

Whcn a wirc -frme dcscription is cxtractcd from a new vicw. al l o f it), cdgcs. vcrticcs. and points arc tagged as
cnltfinncd. 'l'his dcscription is tllcn matchcd to thc currcnl model (in order to find corresponding clcmcnts in the
tv.u and the coordinntc transformarion from one to Lhe othcr) and mcrgcd nitll thc current inodcl. In the merging
procc.;.;. confimlcd clcmcnk, in dlc wirc-framcs and model that march arc "avcragcd " togethcr, resulting in ncw
confinncd clcmcnrs. I'arts of t h c wirc-frames that have no match in rhc modcl are thcn added Io the model.
II!pothcsi/cd clcmenu in thc modcl that arc no longer consistcnt with contirmcd p:ms are delctcd. A t this point,
usk -spccltic knowlcdgc is again uscd to till out thc model and 10 form a full surfacc -bascd description.

6. Knowledge of Planar -Faced Objects
SIIIC: tllc c!ructttrc graph hiis hccu dccigncd for sccccs that can be nlodcllcd as collcctions of planar -faccdobjects,

knou Icdgc of such uhjccts IS inhcl -cnt in t l ~ crcprcscntation and proplgation rulcs. :IS dcscribcd prcviously. In this
WCIIOII.u c d~xusshow knowlcdgc of such objccts is uscd to construct a sccnc modcl from wire l'rames.
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Figure 11
( a ) I n i t i a l Con f igu ra t ion
( b ) F i n a l Resu l t A f t e r L i n k 1 i s Deleted
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6.2. Generating Web Faces
~,xhLCTICX ill d1c model is am~mcd10 correspond to a ctlrncl of a11 objcct. 'l'herefore cad1 adjacent pair oflegs

ordcrcd ;tround d1e vcrtcx corresponds t o Ihc corner o f a planar Fxc. 'lhus far 111 our experiments. we have dealt
onl! with trlhcdral \erticcs. In this case. ?\cry par of legs of cdch vertex corresponds to the corncr of a separate
hcc . A p ;~ r~~a lface. cal led n nehf;lcr. is gcncrxcd for each paw.

F igu re 12
P e r s p e c t i v e View o f 3D V e r t i c e s and Edges Ex t rac ted f r o m Stereo P a i r i n F i g u r e 1
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Figure 13
Combining Edges

( a ) Edges e l and e3 a r e very c lose t o each other , and each has a confirmed

( b ) The new edge i s shown as the r e s u l t o f merging e l and e3.
ver tex .

6.3. Merging Partial Faces
A facc is partial i f it is not complctc, i.c..all of its edge-groups do not form closed edge rings. One way to

complctc a partial face is to mcrgc i t with nearby partial faces which rcprcsent diffcrcnt portions o f thc same face.
T h e proccdurc that rncrges two nearby partial faccs distinguishes two situations: (1) two faces that are touching,
i.c.. they sharc an cdge (e& F1and F2 in Fig. 12). or (2) two faces that are not touching (e.& F3 and F4 in Fig 12).

Two partial faccs that touch each othcr are merged if they satisfy the following conditions:

1. They must sharc exactly one edge (by definition o f touching). Fig 1% depicts two partial faces, fl and
j2. that sharc the edge eZ.

2. ’ h e sharcd cdge must scrvc as a boundary of both faccs. but cannot partition thcm. This condltion is
salisficd if nonc of thc vcrticcs sharcd by thc two faccs IIC on two cdgcs of cach facc. In Fig. 15b. the
partial facesfl ando sllarc the cdge e3. These faccs should not bc mcrgcd bccausc h c y sharc the vcrtcx
19 which lics on two cdgcs o f cach facc (on e2 and e3 o f j l . and on e l and eJ’ of/?). Notice how e3 servcs
to partition the faces, while in Fig. 15a. the cdge e2 scrvcs as a boundary o f thc faccs it joins.

3. ‘Ihc plancs of thc faccs must bc ncarly parallel and vcry closc to cnch othcr. Th is condition is tcstcd by
checking whctlicr all thc polnrs lying on onc facc are within n threshold distancc from thc plane o f the
othcr face. In Fig. 15c. supposc e4 is perpendicular to both e l and d. and e2 is parallcl to e3. The
partial faccs fland f3 mcct both conditions (1) and (2) above. but thcy do not mcct thc current
condition.

l’hc proccdurc for mcrging two touc11i:lg faccs F1 and F2 i n v o l w s (1) finding thc two cdgc-groups G I of F1 and
G2 of I.‘?ih;lt contain thc sharcd cdgc. (2) subtracting cdgcs imcl wrticcs ftrom GI (i.c.. dclcting p;trt-of links in thc
strlicturc graph) and adding thcm to GZ. (3) subtracting cdgc-groups, cdgcs. vcrticcs. lines. and points from 1 . l and
adding thcm to F2. and (4) rccalcularlng tllc plane cquntiun of F2 :IS a Icast squarcs fit LO 311 thc points now
constraining F2.
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face

F igu re 14
( a ) Three Web Faces Generated from a Tr ihedra l Ver tex

A Web Face May E i t h e r Be on the Inside ( b ) o r t h e Outs ide (c ) o f a Ver tex Corner

Two partlal f x c s that do not t w c h cach ohcr arc mcrgcd if the) satisfy Lhc following conditions:

1. I;xll face m u s 1 havc an cdgc-group containing two non-vcrtcx end points. In Fig. 16a. facc /7 has a
slnglc cdgc-group (consisting of cdgcs e l and e l ) tint has the tho non-vcrtcx cnd points pf and p2.
SnniI,dy. f x c p has a singlc cdgc-group w i t h thc non-vcrtcl.cnd pointsp3 andp4.

2. Fa;h o f thc t w o cnd points o f thc cdgc-group ofonc k c must bc uniqucly matchcd with thosc of the
c~ thc Ifxc . T h a t ia. cad i cnd point must bc a disuncc of lcss than ;I thrcshold fmm exactly onc of the
t w u cnd p c ~ i n r sof thc othcr face. In Fig. 163. pi and p3 arc uniqucly mntchcd hccausc thcir disrance is
lcss rilan thc thrcrliold and the diswncc from pi to p4 is grcatcr than dlc tilrcshold. Simildrly, p2 and p4
arc unrqucly machcd.

3. ' Ihc plancs of thc two faccs must be nearly parallel and within a small thrcshold distancc of one another.

'I'hc proccdrlrc fur tncigin _e two ncm-touching faccs is similar to thc onc for merging toucl~ingfaccs, in'that
C~CIIICIIIS arc w1xr;Ictcd frum onc fncc and addcd to ti1c othcr fncc. and tllc planc cquaticm of d ~ crcsulting facc is
~cc,tlcul;~lcd. h i 1 ;~ddition~~lstcp. h w c w r . i n ~ o l \ c sfindlng Ihc point of intcrsectioc of c d 1 pair of cdgcs on which
[lie mathing pairs o f end points lic. l'hc points arc dlcn convcrrcd into ncw hypothcsizcd vcrticcs on thc cdgcs.
l h c rcsult of mcrging j 7 and /? in Fig. Iha is shown ill (b), whcrc two ncw vcrticcs. a/ and v2. have been
hypothesized. Noticc that the cdgc e/ has hcen shortcncd in the process. whilc the othcr cdgcs havc been extended.

Up till now. wc h a w only discusscd the mcrsing of partial faccs. Howcvcr. if thc confirmed parts of two faces.
C;ICII or which may bc partial or complctc. satisfy the thrcc conditions outlincd abovc for mcrging non-touching
rms. tlicn rhc faccs may he mcrgcd. For csarnple, supposc the faceJ7 in Fig. lhc contains the confirmed edgcs e l
m d c2 and the hypothcsircd cdgcs r7 and e4. Now suppose chat thc wcb f x c fz in fd) is new information that
bccomcs avnllablc. say. from a new kicw 'l'hc confirmed parts off! may thcn bc mcrbrd with /2 i f they satisfy the
conditic~nsfor mcrging. In thc proccss, hypothesized parts off! must bc dcleted. The mcchanisms for doing this will
hc discussed later.

hnathcr intcrcstinp cxamplc is depicted in Fig. 16c. whose situation is similar to that in (d) cxccpt that rhc web
f x c ./? IS mcrgcd with confirmcd parls of the faccp. which has a hole in it. Notice that thc condition that the
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F igure 15
S i t u a t i o n s f o r Merging Touching P a r t i a l Faces

( a ) f l and f 2 share one edge.
(b) e3 p a r t i t i o n s fl and f 2 rather than serv ing as a boundary f o r them.
( c ) f l and f 3 sha re an edge tha t bounds them, b u t they a r e not p a r a l l e l .

confirmed ?arts of cach facc must ! l aw two cnd points which are uniqucly matchcd to those of ihc other facc is
salisficd by p l and p.2, and by p2 and p4. As a r w l t of mcrging, /2 aids in completing the boundary of the hole in
/I.

Aftcr all mcrgcrs havc bccn pcrfurmcd, many faces may still be incomplete. As will be explained later.
knowledgc of urbm sccnes is uscd to hypothcsizc the shapcs of such hccs, and thcy are complcrcd by generating
tllc appropriate cdgcs and verticcs.

6.4. Finding and Constructing Holes in Faces

is ,Iswncd 10 rcprcscnt a Iidc in Lllc I i cc 1.'2 i f thc f'olhwing condilions arc satisficd:
'I'IIcproccdurc for tindin: and cunslructing holcs in faccs occurs ;Iftcr all faces h a w bccn complcfcd. 'Thc facc F1

2. 'lhc bounding ring of vcrtlccs of PI, whcn proJcctcd onto thc planc o f 1-2. fdl$insldc thc boundary o f
R.

If Ihcsc conditions arc satisficd. thc cdgc-group thar cont;iins thc bounding cdgcs of F1 is subtractcd from F1 and
added ro FZ. It now scrvcs as an inncr cdgc-group (an inncr ring of cdgcs) of P2. F1 is then dclcrcd from the
structurc graph.

7. Knowledge of Urban Scenes
Bccausc t l ~ cwirc-framc data cxrractcd from bnagcs rcprcscnt a partial and sparsc dcscription of thc scene.

knowlcdgc of planar -faccd objccts by itsclf is gencrally not adcquatc for complcting many of thc objccts in the
nlodcl. As will bc described next, knowlcdgc of urban sccnes that contain block-shaped objects has bccn uscful for
this task.
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Figure 16
Merging o f Non-Touching Faces

( a ) f l and f 2 s a t i s f y the condi t ions f o r merging.
(b ) Resu l t o f merging f l and f 2 .
( c ) and (d ) The complete f a c e f l i s merged w i th the p a r t i a l face f 2
( e ) The complete f a c e f l , which conta ins a hole, i s merged wi th the

p a r t i a l f ace f 2 .
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7.1. Completing Shapes of Faces
Faces in the modcl m,ty hc incc~mplctcbccausc they contain onc or more incoinplctc cdgc-groups. Le., edge-

groups wit lwt closcd rings o f cdgcs. In tlmc GISCS, thc sh;lpc of cxh incornpletc cdgc-group IS hypolhcsizcd. and
it is complctcd by gcncrating the appropriate cdgcs and vcrticcs. Thc following rulcs are uscd here:

1. I f thc partial cdgc-group reprcscnts a single corner. i.c.. i t contains only two connected cdges (the solid
lmcs o f faccfin 1;ig. 17a). thc shapc is complctcd as a parallclogram. 1wo new cdgcs arc hypothesized
to complete the shapc and are addcd to thc cdgc-group (dashed lincs in Ole figure).

2. I f the partial cdgc-group consists of thrce or morc cdges conncctcd as a tingle chain (the solid lines of
facc /in Fig. 17b). the shapc is completed by connecting thc two cnd points of thc chain with a new,
hypothesized edge (dashed line in thc figure), and adding i t to the cdgc-group.

7.2. Hypothesizing Vertical Faces for Incomplete Objects
Chjccts in Ulc modcl may bc Incomplctc hscaurc thcy do w t runsist ~r ;I complctcly closcd. conncctcd sct of

f;scs. Sincc wc arc dcaling w i th urban sccncs. faces tli.it lic hi~henough a b o ~ ctllc _crowd p h l c arc nssumcd to
rcprcscnt roofs o f buildings. A hypoUicsizcd vcrlical W,III is droppcd towc~l'dthc ground I;om cacll cdgc of such
faccs. unlcss the cdgc is alrcady part of another face.

Thc tcst to dctcrtninc whcthcr chc face is high cnouph abovc thc ground illrolvca chccking wlvxhcr all tlic points
on the fncc cxcccd 2 Lhrcshold disfancc from thc gruund. l 'his trst rulcs out faccs that interscct tIx ground (such as
building walls) or faces that lic on thc ground (such as ground p;ltchcs). 'l'hc cquation of thc ground planc is
currently intcractivcly obtained.

A vcrtical wall is droppcd eithcr to the ground planc or to thc first facc i t intcrsects I I ~thc way tluwn. For
cxamplc. in Fig. 18a. hcef2 is abovcfl. and thc distancc of cnch From thc @roundplanc cxcccds t h e Uwcshold. The
result afrcr dropping vcrtical ftlccs is shown in (b), wh i ch indiciitcs Uiat f x c s h a w bccn droppcd from /7 to the
ground, and fromfltofl.

F igure 17
Completing Shapes o f Faces

( a ) The face f i s completed i n the shape o f a paral lelogram.
(b) The face f i s completed by c los ing the shape.
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Figure 18
Dropping V e r t i c a l Wal ls from Faces

( a ) The f a c e f 2 i s above f l .
(b) Faces are dropped from f l t o the ground plane, and f r o m f 2 t o f l .
( c ) A v e r t i c a l edge-frame i s dropped from t h e f a c e F.

T i c proccdurc for dropping vcrticol face frnm a facc F is as follows. For cach vcrtcx of I-' thd has fcwcr than
thrcc Icgs. an cdgc is droppcd cilhcr 10 thc gmmd p h c or to thc first facc it inlcrsccts. 'Ihis rcsdts In a vcrlicd
mfg~fimw that suppms F (thc dottcd lincs in Fig. 18c). 'l'hc cdgc -frmc is Ihcn "fillcd in" by first crcating wcb
faccs k): cnch ncw cdgc palr at c;ich vcrtcx of I:. thcn rncrging thosc thaf touch cad1 othcr, and finally complcting
thc rcsulring pinial faccs in thc ways dcscribcd earlicr.

Whcn thc lcchniq:lcs dcscribcd above arc npplicd to thc output o f h c stcrco analysis component dcpictcd in Fig.
12, wc obtain thc sccnc rnodcl shown in b'ig. 19. Noticc that onc o f thc buildings has a holc in it. through thc roof.
l 'hc planar patches at h c "front" of tllc sccnc arc part of thc ground. I3ccnusc h c y wcrc not high cnough above the
ground plane. thcy wcrc not trcatcd as building roofs. Whcn thcsc tcchniqucs arc applicd to t l ~ coutput o f the
monocular analysis component (Fig. 20). wc obtain thc sccnc rnodcl shown in Fig. 21. Now that all vcrficcs, cdges,
and fxcs which havc bccn hypothcsizcd by d1c proccdures dcscribcd abovc arc rnarkcd as such, and will be
rcphced by morc corrccl vcsions as rnorc information bccomes availablc from new views.
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8. Combining New Views with Current Model

can be dividcd intn thrce main stcps:
' h proccss of incorporating a 31) wire-frame description cxtractcd from a new vicw into the current scene model

1 The wirc-frame data must first he matched to the currcnt modcl. lhis proccss providcs (a) thc scale
transformation and courdinatc transformation from the wirc-framc data to the modcl. and (b)
corrcsponding elements (;.e.. vertices and edgcs) in the two.

2. 'I'hc ncw wirc-framc data is then mcrgcd with rhc currcnt modcl. This proccss includcs (a) mcrging
pairs of corresponding clcmcnts. and (h) adding to the ~nodclwire-framc clcmcnts for which no
corrcspondcnccs wcrc found. The latter prtmdurc is aided by knowledgc of d ~ escalc and coordinate
transformations. During thc mcrging proccss. hypothesincd parts of thc niodcl that arc inconsistcnt
with tllc new wirc-frame data arc deleted.

3. A t th is point, many objccts in the model may bc incomplete becausc (a) new wirc-framc data has been
added. and/or (b) some hypothesizcd clements have bcen dclcted. Thcsc obiccts arc complctcd using
thc techniques describcd in the prcvious scctions.

To see how thesc steps arc carried out. consider thc c x m p l c o f incorporating the information from a second view
into thc scene model of Fig. 19. 'lhis xcnc modcl was constructed from the set of wire frames (Fig. 12)
automatically cxtractcd from a "front" vicw of the scene (Fig. 1). The second sct o fw i rc frames, shown in Fig. 22,
was manually gcncratcd to simulatc information available from an opposing point o i vicw (viewing the scene from
Ihc "back"). I h c viewpoint for thc pcrspcctivc drawing of Fig. 22 is choscn to be similar to that of Fig. 12 to allow
casicr comparison by thc rcadcr. Notlcc that the inftrrmation in Fig. 12 cmphasi7.c~cdgcs and vcrticcs facing the
front of the sccne. whilc thosc facing the back of h e sccnc are cmphasizcd in Fig. 22.

8.1, Matching
We assume in this cxamplc that the scalc and coordinatc iransfonnations from the new wire-frame data to the

mrrcnt mndcl is known; t h e data and modcl may thcrcforc be dccribcd in thc sarnc coordinatc system. We have
not yet unplcmcntcd n gcncral matchcr that probides Ihcsc transformations bctwccn the two.

T h c next stcp is to dctcrmlnc corresponding cdgcs and vcrticcs in thc data and model. First we label each
conncctcd group of edgcs in thc wirc-frame data as a distinct wire-framc objcct. Ncxt, wire-Framc objccts are
matched with modcl objects. l w o objects are said to match if they have confirmed parts that match. Matches are
sought only for edgcs and verticcs, sincc thcsc constitutc thc only conlirmcd par& o f a wire-framc object T h e
rcquiremcnts for two confirmcd vcrticcs. one from each object. to match are: (1) they must be very closc to each
othcr. or (2) they must bc part of matching cdses whose othcr two vcrticcs match. 'l'hc rcquircmcnts for two
confirmcd cdgcs. onc from each object. to match arc: (1) the two confinncd vcrtices o f onc edge must match the
two of thc other. or (2) one confirmcd vcltcx on one edge matches onc on the other, and the two cdges are close
togcthcr and overlap in their lengths. 'Ihcsc rules arc used in a rclaxation algorithm to obtain matching verticcs and
edges.

As an example, consider Fig. 24. Suppose thc object in (a) is part of the model. Thc cdgcs reprcscnted by the
solid lines el. e2. e.?. e4 and el l , arc confirmcd. l'hc edges rcprcscnted by the dashed lines are hypothesized.
Vcrticcs VI.v? and v3 alc confimrcd. while the others are hypoihcsized. (Note that thcre are also edges and vertices
in this object hidden from our viewpoint; thcsc will not bc considcrcd hcrc.) Supposc thc wirc-framc object in Fig.
24b has been dcrivcd From a new view. and it has becn transformed to registcr with the model object The
following algorithm is used to match the two.

1. Find pairs of confirmcd vcrticcs that match by detcrmining which ones lie within a threshold distance of
one another. Thc vcniccs v2 and v/Cil are foundIO match, but IC[us supposc thc distance betwcen v3
and v l l l l exceeds thc thrcshold.

2. Find pairs of confirmed matching cdgcs that contain previously found malching verticcs. The edges e2,
e3 and el00. el01 contain malching vertices and arc thcrcforc comparcd. In order to match, two cdges
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Figure 20
Perspec t i ve View o f 3D Ver t i ces and Edges Extracted f rom Image i n Figure 2

must bc very closc togcthcr and must ovcrlap in thcir lengths. 'l'hc diswnce threshold for this test,
I!owevcr. is grcatcr lllan t h e onc for detcrmining matching vcrticcs. Ibis is pcnnittcd because the
possible matching cdgcs arc also constraincd by thc rcquircmcnt that thcy contain matching vertices.
l'hcrcforc, wen though 113and 1~101failcd to match in stcp (I)above. the cdges e3 and elOl are found to
match, as arc e2 and elm.

3. For cach new matching pair of edges found, if thcy contain ;1 single pair o f matching verticcs, match
thcir other verticcs (if thcy exist and arc confirmcd). fhe vcrticcs v3 and 18/01 match because e3 and
ciU1 match. No new matching vertices result from the matching edger e2 and e100, since el00 has only
one vertex.

1.Procced by repeating stcp (2) above, ix.. find new pairs of confimcd matching edges that contain
preuously found matchmg vertices. The edges e4 and cl.? arc compared with e102 and e104. Using the
distance and overlap tests, e4and elO2, as well as el2 and e104, are found to match.

5. Next. step (3) is repcatcd. New matching vertices are sought that lie on ncwly found matching pairs o f
cdges. T I C matching cdgcs fnund in step (4) contain no ncw matching vertices. since ~4 and v6 are
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F igure 21
Perspec t i ve Views o f Bu i ld ings Reconstructed f rom Wire-Frame Data i n Figure 20
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F igu re 22
Perspec t i ve View o f Manually Generated Vert ices and Edges which S imu la te
Informat ion Ava i lab le from Images Showing an Opposite Po in t o f View from
That Shown i n F igu re 1. The Viewpoint f o r t h i s Drawing i s Chosen t o be
Similar t o F igu re 12. P o i n t s P1, P2, and P3, f o r Example, Correspond
t o Po in ts P1, P2, and P3 i n Figure 12.

unconfinncd. Thc :ilgorithm thcreforc halts at th is point: i t would haw continued with step (2) iFnew
marching ~crr iccshad bccn found. The follow~ngpairs of matches arc rcturned: (172, ~100).(113, vlOI).
(e2, (,100), ( e i clOl). (e4. e102). (el2. e104).

8.2. Discrepancies

discrcpancics bctwcen the two. We considcr the following two types of discrepancies:
Wc must now mergc the new wirc-fr.me data into the modcl. An important issue here is how to handle

1. After thc coordinate syatcrn of r h e wirc -tiamc daw. has bccn transfonncd to that of thc modcl and scale
adjustments havc bccn msdc. corresponding pairs or conf incd vcrticcs and cdgcs may not register
pcrfcctly in 3-spacc. In ordcr to mcrgc thcm into singlc clcments, WE pcrform a “wcightcd averaging” of
thcir positions.

2. fiypotllcsizcd clcmcnty 111 thc model m a y bc inconsistcnt wit11 ncwlp obtincd elc!ncnls. We handle this
by dclcting such hypothcsizcd clctncnts.

To dcrenninc Nhcthcr or not hypothcscs arc still valid wllcn confirmcd clcnlcnts in Ulc modcl arc modified or
dclclcd, wc considcr the clcrncnrs w h i c h @vc risc to d1c hypothcscs. 4 Ilypo!hcsis is dcpcndcnt on all clemcntr
whose cxistcncc dircctly rcwltcd in the crcation o f LIKhvwdlcs is . I f olic of hesc clcmcnts ib tnodificd or dclcrcd,
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the hypothcsis m u s t also hc modltird or dclcttd sincc thc cunditions tindcr wluch i t wascrcmd arc no longcr valid
'l'hc dcpcndcncy rclntionships for hyporhcsi~cdclcmcnts arc cxplicitly rccurdcd at thc tinrc of rhclr crcation using
dcpcndcncy poultcrs 171.

Wc currently rccotd lhcsc rclationships for thc following situations:

1. Whcn twc non-touching partial faccs arc mcrgcd (Fig. 23a). cdch facc has two partial cdgcs which are
intcrscctcd &ith Lhcir countcrp,lrts in L11c othcr k c . Thc intcrscction points form t w o ncw hypothcsized
vcrticcs. cach of which IS dcpcndent on thc two cdgcs whosc intcrscction gavc risc to it. In Fig. 23a, the
arrows indlcatc thc dcpcndcncics. Vcncx 1'1 is dcpcndent on cdgcs e l and d. and vertex v2 is
dcpcndcnt on cd~cse2 and d. I f onc o f thc cdgcs wcrc to bc mudificd (c.g.. i f its position wcrc to be
displaccd). the vertex that dcpcnds on that cdgc would no longcr be a valid hypothcsis, and would
thcrcforc be dclctcd. A new vcrtcx might thcn bc hypothesized.

2. Whcn an incomplctc cdgr-group is complctcd in thc shapc o f a parallclogram (Fig. 23b). two new edges
and thrce n c u \crttccs arc hypothcsircd. Each of thc ncw cdgcs e3 and r4 is dcpcndcnt on both of the
old cdgcs e l and e?. l h c cdgc d. for cxamplc, IS dcpendcnt on e l in the sense that its end point is
constrained by tllc cnd pomt u f PI.It is dcpcndcnt on r2 in the sensc that it is constraincd to bc parallel
to el. Thc ncw vcrtcx v3 is dcpcndcnt on dic two hypothcsizcd cdgcs e3 and r4, whilc thc new vertices
VIand v? arc dcpcndcnt on thc confirmed cdgcs on which they lie.

3. Whcn a facc is complctcd by connccting its t w o end points (Fig. 23c), two new verticcs and one new
cdge arc hyporhcslzcd. The new edgc e4 is dependent on both e l and e;, while thc new verticcs VIand
v2 arc dcpcndcnr on the cdges on which they lie.

4. Whcn a vertical wall is droppcd from a facc. t h e first step is to drop hypothcsizcd edges from vertices of
the facc. Such edgcs are dependent on the verticcs from which they are dropped. In Fig. 23d, the nev
cdgcs e l and e2 arc dropped from. and arc dependent on. the vertices VIand v2. respectively. A
dropped c d y is constrained to bc pcrpcndicular to t h e ground plane. and would thcrefore no longer be
a valid hypothcsis if the vcrtcx it dcpcnds on, which is one o f its cnd points, wcrc tubc displaced. After
cdges arc dropped from all vcrtices of the facc, the resulting cdgc-framc is fillcd in with faccs, as
dcscribcd previously. This results in more hypothesized edges and vertices. T h e situations under which
thcsc arc crcatcd fall undcr catcgories (2) and (3) above.

Whcn a confirmcd cdgc or vertcx in the modcl is modified or dclctcd. thc sct of all hypothcsizcd clcments that
dcpcnd on i t are dclctcd. I<ecursivcly, clcments dcpcnding on dclctcd oncs arc also dclctcd. Whcn hypothesized
vcr tms and edgcs arc deleted in this manncr. it is possiblc for hypothcsizcd faccs to losc minimal support, i.e., they
may no longcr bc constrained by at least thrcc non-colinear points. Such faccs arc also deleted.

8.3. Merging
Yhc proccdurc that mcrgcs corrcsponding nirc-framc and rnodcl objecrs t lkcs into account thc fact that the

3-space positions or cnd points o f cdgcs that arc confirmcd vcl-ticcs arc gcncrally much morc accuratc lhan the
positions of nun -vcncx cnd points. 'lhcrcforc. confirmcd \tclticcs arc gijcn morc wight during rncrging. As an
cxamplc, considcr agJin Fig. 24, whcrc Lhc wirc -franc object in (b) is to bc mcrgcd with thc modcl object in(a).

l 'hc merging proccdure starts by mcrging corrcsponding vcrticcs in d r two objects. This involves the following:

1. 'lhc model vcrtcx of cach corrcspondmg pair o f vcrticcs ((~2, ~100)and (~3 .vl01) inFig. 24) is assigned
ncw conrdinatcs -- tl1osc of thc midpoint of the linc conncctillg d1e two initial vertices.

2. If thc distance bctwccn thc initial and rcsulting points of thc modcl vcrtcx cxcccds a thrcshold. all
hypothcsircd edgcs and verticcs in thc modcl that recursively depend on this vertex are deletcd.
Hypothcsizcd faces that have lost minimal support arc also deleted.

3. l h c vertex in the wire-framc object i$deleted and replaced by thc modcl vertex.
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v l

F igu re 23
Generating Dependencies f o r Hypothesized Edges and Ver t i ces

The Dependence o f an Element on Another i s Depic ted as an Arrow from
the Former t o the L a t t e r

( a ) Two non- touching p a r t i a l faces are merged.
(b ) A face i s completed i n the shape o f a parallelogram.
( c ) A face i s completed by connecting i t s t w o end po in ts .
( d ) V e r t i c a l edges are dropped f r o m a f l o a t i n g face.

c
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F igure 24
The Wire -Frame Object i n (b ) i s t o be Merged wi th the
Model Ob jec t i n ( a ) . The Confirmed Edges o f t h e Model
Object ( I n d i c a t e d by So l i d L ines ) a re e l , e2, e3. e4,
and e12; the Confirmed Ver t i ces ( Ind ica ted by C i r c l e s )
a re v l , v2, and v3. Dashed Lines Represent Hypothesized
Edges. ( c ) The R e s u l t A f t e r Merging.
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At th is point. a l l corrcsponding pairs o f cdgcs will share at lcast one vcrtcx. Thc corrcsponding cdgcs arc mcrgcd
' next 3s follows:

1. I f the two cdgcs share both thcir veniccs (Fig. 25a). mcrging involws rcc:~lculating thc linr cquntion o f
the model cdge and dclcting the wirc-frame cdgc. In Fig. 21 this siluatwu occurs bctwccn cdgcs ~3and
elOl.

2. If thc two cdges share one wrtcx but only one ofthcm contains anothcr confirmed \crtcx (Fig. 2Sb), the
cdgc w i h one confinncd vcrtcx is dclctcd. leasing Lhc cdgc w i th two vcrticcs as the rcsult. In Fig. 25b.
thc rcwlt of mcrging e l and r?is cl . Noticc that thc non-vertcm cnd point in this cdsc is given zero
wight. If tilc rcsulting cdgc is froni thc wire-fi-amc objcct. it IS subunctcd from this objcct and addcd to
thc model objcct. In Fig. 24, t h ~ ssituation occurs bctwccn cdgcc r?and e100. and cdgcs e4 and elO2.

3. If thc ~ W Ocdges share onc vcrtcx and the other cnd points arc not confirmed vcrtices (Fig. ~ S C ) , the line
equation of dlc ncw edgc is obtaincd by a least squares fit to all thc points on the t w initial cdgcs (see
Fig. 25d. whcre tiic dottcd Iincs are thc initial cdgcs, and thc solid line is Cie ncw edge). The non-vertex
cnd point of thc ncw edge is the projcction o f the non-vertcx end point of t l ~ clongest initial cdge onto
thc hnc constraming the new cdge. l h i s new end point is labelcd as confirmed. The edgc is then added
to thc m d c l objcct and thc two initial cdges are dclctcd. Notc that thc vertex end point of th is cdge
nced not lie on thc linc constraining the cdge. In Fig. 24, this srtuation occurs bctwcen edgcs e12 and
el04.

UZu l e l

v3 e2 1 v4

Ia1

e7
v l l

( b l

F igure 25
Merqinq Edqes. Two Edqes t o be Merqed may E i t h e r

(a) -Sha& Both t h e i r V e r t i c e s , or
( b ) and ( c ) Share One Vertex.
(d) Resu l t o f Merging Edges i n S i t u a t i o n ( c ) .
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Ucforc mcrging. a modcl cdgc may contain cithcr onc confirmcd V C ~ C Xor two confirmed vcrticcs. If it contains
onc confirmed vertel, thcn all hypothcsizcd edges and vertices in the modcl that rccursively depcnd on this edge .
arc dclctcd. Hypothcsircd faccs that havc lost minimal support arc also dclcted. In Fig. 24, this occurs for the cdges
r4 and e12. Thc hypothesized elcments in the figure tha t recursively dcpcnd on. say. e4 are the vertices v4 and v7.
and the cdgcs e 5 r10. EY anddl.If a modcl cdge to be mcrged contains two confirmcd vcrticcs ( e g , e2 and e3 in .
Fig. 24). no Iiypothcsixcd clcmcnts nccd be dclctcd since al l ncccssary dclctions were made whcn thc vertices of the
cdge were mcrged.

hftcr all corrcsponding clcmcnts of the two objects have bccn mcrgcd, thc edges and vertices rcmaining in the
wirc -frmc objcct that were not mcrgcd arc addcd to the model objcct, and the wire-frame objcct is deleted. InFig.
24, this stcp involvcs adding thc cdge e103 to the model.

Finally. thc planc equation is rccalculatcd for each facc in Ihc modcl objcct which had cdgcs and vcrtices that
wcre modificd or dclcled. Fig. 24c shows thc final configuration of thc objcct aftcr the mcrging process. This
object is incnmplcte and must be completed using the techniques dcscribcd in previous sections.

8.4. Results of Merging
When thcsc proccdurcs are applicd to the wire-framc data in Fig. 22 and the scenc rnodcl in Fig. 19. we obtain

thc updatcd scene model shown in Fig. 26. The updated version has two imponant improverncnts over thc initial
version. First the updatcd model contains more buildings since new wire-framc data, some o f which rcprcsent new
buildmgs. havc becn incorporated into thc initial modcl. Sccond. for many buildings dcscribcd in both versions o f
tlic modcl. thc positions of vertices and cdgcs are morc accuratc in thc updated version. Th i s is becmsc many
hypothesized veniccs and edges arc replaced by accurate ones obtained from thc new data, and many confuutlg
vertices and cdgcs arc merged with corresponding ones in the daw by "averaging " their positions, generally
dccreasing thc amount o f error.

Ihc shapc oirhe largc holc in the roof of one of thc buildings has changed from a rcctanglc in the initial lnodcl LO

an almost triangular quadrilateral in the updated version. W l m cornparcd with the source imagcs in Fig. 1, the
rcctangular shapc would scem more accurate. However, the positions of the edges and vertices that fomi the ho!e
arc mnrc accurate in thc updated model in the sense that they arc morc faithful to thc wire-frame dcscriptions
dcrivcd from the images.

This crpcrimcnt dcmonstratcs how information provided by cach additional view allows thc mcdcl to be
incrcmcntally made more completc and accurate.

9. Strrnmary
I'lll JI) hlosaic systcm is a visiun systcrn that incrcrncntally acquircs :I 3D modcl of a complex sccnc from

mdtlplc iln;lgcs. This papcr has focuscd on thc rcprcscntation, construction. and updilting of the modcl. Fa31 view
of thc sccnc undcrgocs cilhcr monocular or stcrcu analysis. 'l'his rcsults in a 313 wirc -rmic dcscription that
reprrscuts portious of cdgcs and vcrliccs o f objects in thc sccnc. Thc mudcl is incrcmcntally constructed and
updatcd from thc wirc framcs using task-spccilic knowlcdgc. 'Ihisproccss involvcs gcncrating. adding. and dclcting
hypodlcscs about thc structure of h c sccnc. At any point a lms its dcvclopmcnt, thc rnodcl rcprcscnts the current
undcrstsnding of the ~ c c i ~ eand may bc used for tasks such ;IS mrltchiiig, display gcncration. pianning paths through
the scenc. and making other decisions dealing with the s c c w environment. Exatnplcs havc bccn prcscntcd showing
how thc systcm intcrprcts complcx aerial photographsof thc Washington. D.C. area.
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Figure 26
Perspec t i ve Views o f Bu i ld ings Der i ved by Incorpora t ing t h e Mre -Frame

D a t a i n F igu re 22 i n t o the Model i n Figure 19
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